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Abstract: The brittle behavior and low strength of CoSb3/TiCoSb interface are serious issues 
concerning the engineering applications of CoSb3 based or CoSb3/TiCoSb segmented 
thermoelectric devices. To illustrate the failure mechanism of the CoSb3/TiCoSb interface, we 
apply density functional theory to investigate the interfacial behavior and examine the response 
during tensile deformations. We find that both CoSb3(100)/TiCoSb(111) and 
CoSb3(100)/TiCoSb(110) are energetically favorable interfacial structures. Failure of the 
CoSb3/TiCoSb interface occurs in CoSb3 since the structural stiffness of CoSb3 is much weaker 
than that of TiCoSb. This failure within CoSb3 can be explained through the softening of the 
Sb−Sb bond along with the cleavage of the Co−Sb bond in the interface. The failure mechanism 
the CoSb3/TiCoSb interface is similar to that of bulk CoSb3, but the ideal tensile strength and 
failure strain of the CoSb3/TiCoSb interface are much lower than those of bulk CoSb3. This can 
be attributed to the weakened stiffness of the Co−Sb framework due to structural rearrangement 
near the interfacial region.  
Keywords: thermoelectric; interfacial structure; tensile failure mode; ideal strength; bond 
breakage 
1. INTRODUCTION 
        Solid-state thermoelectric (TE) power generation devices can directly convert heat into 
electricity with high reliability and no moving parts. Thermoelectrics have been used to power 
space-crafts for deep-space missions for decades and are being currently considered for 
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applications in recovery of automobile exhaust heat.1 To achieve high efficiency in thermal-to-
electrical energy conversion, TE materials with high figure-of-merit (zT) are needed. CoSb3 based 
TE devices have high potential for engineering applications because both n- and p-type doped 
CoSb3 demonstrate excellent figure of merit (zT > 1) in the intermediate temperature region (500 
– 750 K). 2-7 Meanwhile, Half-Heusler compounds such as XNiSn and XCoSb (X = Ti, Zr, Hf) 
have peak TE properties in a higher temperature range (750 – 900 K).8-10 Designing segmented 
TE devices with various TE materials (e.g., CoSb3/TiCoSb TE devices) in their respective 
temperature ranges results in an overall high TE efficiency,11 but also creates new interfaces such 
as CoSb3/TiCoSb interface. 
        In designing TE devices, it is important to find a proper contacting material to form leg-
electrode interfaces. For CoSb3 based TE devices, Ti has been confirmed to be a good joint 
forming metal.12-16 Bae et al. investigated the adhesion properties of CoSb3/Ti/Mo(Cu) interfaces 
and found that a Ti interlayer is a potential candidate for making a reliable CoSb3 based unicouple 
with high adhesion strength.12 Later Zhao et al. investigated the interfacial behavior of CoSb3/Ti 
after thermal aging and observed the formation of a multi-layer interfacial structure composed of 
CoSb3/TiCoSb/TiSb2/TiSb/Ti.
13-16 At the CoSb3/Ti interface, TiSb layer initially formed during 
spark plasma sintering (SPS). With the aging time increased, Sb decomposed from CoSb3 layer 
would react with TiSb phase, leading to the formation of TiSb2 layer (Sb + TiSb → TiSb2). 
Consequently, Ti atoms diffused into CoSb3/TiSb2 interface to form TiCoSb layer (Ti + CoSb3→
TiCoSb). The formation of CoSb3/TiCoSb/TiSb2/TiSb/Ti, which is mainly due to the mutual 
diffusion of Sb and Ti elements,15 suggests the presence of a good electrical contact between the 
CoSb3/TiCoSb interface.
13-16  
        However, the mechanical reliability of CoSb3 based or CoSb3/TiCoSb segmented TE devices 
is a serious consideration for their applications.17 For example, the difference in the coefficient of 
thermal expansion (CTE) between CoSb3 and TiCoSb can easily generate significant thermo-
mechanical stresses, leading to cracks close to the CoSb3/TiCoSb interface, resulting in the failure 
of TE devices.13-16 Moreover, the CTE of TiCoSb changes at different temperatures,18 which 
could also lead to significant thermo-mechanical stresses if a TE device is subjected to severe 
operational conditions. Due to the cyclic thermal loading of CoSb3/TiCoSb segmented 
thermoelectric (TE) device, the CoSb3/TiCoSb interface is subjected to cyclic tension – 
compression stresses, which inevitably weakens the CoSb3/TiCoSb interface. Therefore, 
understanding the interfacial tensile failure mechanism between CoSb3 and TiCoSb is an essential 
first step for developing CoSb3 based or CoSb3/TiCoSb segmented TE devices. 
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        In order to understand the interfacial behavior and illustrate the intrinsic failure mechanism 
of the CoSb3/TiCoSb interface, we investigated the interfacial structure and examined the 
response along tensile deformations using density functional theory. We first studied the surface 
energies of many possible surface configurations of CoSb3 and TiCoSb, and found that the 
CoSb3(100), TiCoSb(110) and TiCoSb(111) surfaces are the most energetically favorable, with 
surface energies of 0.812, 1.758, and 1.785 J/m2, respectively. We further found that both 
CoSb3(100)/TiCoSb(111) and CoSb3(100)/TiCoSb(110) interfaces are the most favorable 
interfacial structures. Based on our analysis, the initial crack formation of the CoSb3/TiCoSb 
interface occurs in CoSb3, and arises from the softening of the Sb−Sb bond followed by the 
cleavage of the Co−Sb bond. As described in our previous study on CoSb3,
19 the calculated force 
constant for the Sb−Sb bond is much lower than that of the Co−Sb bond, suggesting that the 
covalent Sb−Sb interactions are much weaker than the ionic interactions between the Co and Sb 
atoms. However, the ideal tensile strength and failure strain of the CoSb3/TiCoSb interface are 
much lower than those of bulk CoSb3. We consider that these findings on the CoSb3/TiCoSb 
interface system may shed some light on the design issues encountered during the development of 
other segmented TE devices. 
        This study explains on an atomic level the intrinsic tensile failure mechanism of the 
CoSb3/TiCoSb interface, providing a fundamental understanding of the structure-chemical 
bonding relationship. We believe this is an essential first step for comprehensively understanding 
the failure of the CoSb3/TiCoSb interface, which will lay the essential foundation for developing 
segmented TE materials with excellent mechanical properties.  
2. METHODOLOGY 
        The Vienna ab initio Simulation Package (VASP) was used for all density functional theory 
(DFT) calculations, which were carried out using the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional with the projector augmented wave (PAW) method to deal with the core-
valence interactions.20-22 The convergence criteria were set to 1×10-6 eV energy difference for 
solving the electronic wave function and 1×10-2 eV/Å force for geometry optimization. The 
convergence test showed that a plane wave cutoff energy of 500 eV gives a good convergence for 
the total energies. To minimize the total energy of the CoSb3 and TiCoSb bulk systems, a 7×7×7 
Monkhorst-Pack uniform k-point reciprocal space sampling was adopted to fully optimize the 
internal coordinates of the atoms. Our optimized lattice parameter for CoSb3 is a = 9.048 Å, 
which is only 0.01% larger than the experimental value of 9.039 Å.23 Our optimized lattice 
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parameter for TiCoSb is a = 5.855 Å, which is only 0.48% smaller than the experimental value of 
5.883 Å.24 These calculated values are in good agreement with the previously published 
theoretical value of 9.14 Å for CoSb3 and 5.89 Å for TiCoSb.
25-27  
        To determine the favorable surface slab, we calculated the surface energy, γ , from the 
following expression,28,29 
=
2
slab bulkE N E
A
γ
− ⋅
                                                                  (1) 
where: slabE is the total energy of surface slab obtained from density functional theory 
calculations, N is the number of atoms in the surface slab, bulkE  is the bulk energy per atom, and
A is the surface area.  
        In order to determine the low energy interfacial structures, we calculated the interfacial 
formation energy fE from the following expression,
28,29 
 
slab
i
inter
i
f
E E
E
S
−
=
∑
                                                               (2) 
where: interE  is the total energy of the CoSb3/TiCoSb interfacial system, is the energy of the 
i slab (i = CoSb3, TiCoSb), and  is the interface area. For all interfacial structures described below, 
the gamma only k-point sampling was used to minimize the total energy. 
        To examine the tensile deformation mechanism of the CoSb3/TiCoSb interface, we imposed 
the uniaxial tensile strain on a particular direction while allowing structural relaxation along the 
other five strain components. The residual stresses for relaxation of these five strain directions are 
all less than 0.5 GPa. We applied a small uniaxial tensile strain to the supercell configuration 
relaxed in the previous step in order to obtain stress-strain curves. A 1% level of strain was 
predefined as the small strain increment for each deformation step. The stress is defined as the 
force per deformed area, and the strain is defined as the true strain. This relaxation method has 
been proven to be an effective tool to calculate the ideal strength, and sheds light on the intrinsic 
failure mechanism at the atomistic scale.30-32 The tensile stress ijσ was calculated by,
33 
 
1
ij
ij
U
V
σ
ε
 ∂
=   ∂ 
                                                                     (3) 
where: U is the total (or internal) energy of the system, V is the system volume under strain, and 
ijε is the infinitesimal strain. 
slab
iE
Page 4 of 24
ACS Paragon Plus Environment
ACS Applied Materials & Interfaces
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
5 
 
3. RESULTS AND DISCUSSION 
3.1 Crystal structures of CoSb3 and TiCoSb 
        Skutterudite CoSb3 crystallizes in a cubic lattice (space group Im-3 (204), a = 9.0385 Å), in 
which the unit cell contains 8 Co and 24 Sb atoms occupying the 8c- and the 24g-sites, 
respectively (Figure 1(a)).23 The Co atoms form a simple cubic framework within which 4 Sb 
atoms are arranged into a planar rectangular ring. There are 6 such rings in the unit cell, but two 
of the eight Co cubes remain empty, giving rise to two void cages. 
        The Half-Heusler TiCoSb compound forms a cubic structure with space group F 43m, where 
Ti and Sb atoms form a NaCl-type framework, while the Co atoms replace the Zn atoms in ZnS-
type sub-structure.34 As shown in Figure 1(b), the Ti and Sb atoms form TiSb cubic frameworks 
within which one Co atom is located in the center. There are four such frameworks, but the other 
four TiSb cubes have one vacancy site in the center, giving rise to unoccupied space in the unit 
cell.  
 
Figure 1. Atomic structures of (a) CoSb3 and (b) TiCoSb. The Co, Sb, and Ti atoms are represented with 
dark-blue, brown, and light-blue spheres, respectively. 
3.2 Favorable slabs in CoSb3 and TiCoSb 
        We considered three slab systems for fcc CoSb3 and TiCoSb to calculate the surface energy:  
• Both CoSb3(100) and TiCoSb (100) with lattice orientation (a, b, c) along (<010>, <001>, 
<100>). Specifically, CoSb3(100) oriented unit cell contains 32 atoms with the lattice 
parameter a = b = c = 9.048 Å. TiCoSb (100) oriented unit cell contains 12 atoms with 
the lattice parameter a = b = c = 5.855 Å.  
• Both CoSb3(110) and TiCoSb (110) with lattice orientation (a, b, c) along (<1-10>, <00-
1>, <110>). Specifically, CoSb3(110) oriented unit cell contains 32 atoms with the lattice 
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parameter a = 12.80 Å, b = 9.048 Å, c = 6.398 Å. TiCoSb (110) oriented unit cell 
contains 12 atoms with the lattice parameter a = 8.280 Å, b = 5.855 Å, c = 4.140 Å. 
• Both CoSb3(111) and TiCoSb (111) with lattice orientation (a, b, c) along (<1-10>, <11-
2>, <111>). Specifically, CoSb3(111) oriented unit cell contains 64 atoms with the lattice 
parameter a = 12.80 Å, b = 22.16 Å, c = 5.224 Å. TiCoSb (111) oriented unit cell 
contains 24 atoms with the lattice parameter a = 8.280 Å, b = 14.34 Å, c = 3.38 Å. 
        In all the slab systems, c oriented slabs are considered. That is, all the slab systems are along 
the c direction, which is surrounded by a vacuum region of 20 Å to decouple the slab. The energy 
of a surface depends on the dangling bonds on the surface.35 Thus, the lowest energy and 
therefore most likely surface structure of each slab is the one that leaves minimum number of 
dangling bonds. Then, all the surface atoms are fully relaxed to optimize the surface structure. 
Here, the surface reconstruction is not considered because there is no experimental guidance. For 
CoSb3, the (3×3×1), (3×3×1), and (3×1×1) Monkhorst-Pack k-point reciprocal space sampling 
was adopted for the (100), (110), and (111) oriented surfaces, respectively. Here, we did a k-point 
convergence test for the (111) oriented CoSb3 surface, and found that the free energy (-613.042 
eV) using (3×1×1) k-point sampling is nearly the same as that using (4×2×2) k-point sampling (-
613.040 eV). We believe that a (3×1×1) k-point sampling gives a good convergence. For TiCoSb, 
the (5×5×2), (4×5×2), and (4×2×2) k-point sampling was adopted for the (100), (110), and (111) 
oriented surfaces, respectively. The slabs with 2 unit layers were used to calculate the surface 
energy. The surface energies of typical low-index surfaces in CoSb3 and TiCoSb are listed in 
Table 1. For CoSb3, it clearly shows that the (100) oriented surface has the lowest surface energy 
of 0.812 J/m2, indicating CoSb3(100) is the favorable slab, as shown in Figure 2. For TiCoSb, the 
surface energy of the (110) and (111) oriented surfaces are much lower than that of the (100) 
oriented surface, suggesting that both TiCoSb(110) and TiCoSb(111) are the most favorable slabs, 
as shown in Figure 3 and 4.  
Table 1. Calculated surface energies, γ , for various CoSb3 and TiCoSb surfaces. 
 CoSb3 TiCoSb 
Surface (100) (110) (111) (100) (110) (111) 
Surface energy 
(J/m2) 
0.812 1.178 0.978 2.046 1.758 1.785 
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Figure 2. (a) The CoSb3(100) slab structure with 2 unit layers in a = 18.096 Å, (b) Bottom view of the 
CoSb3(100) slab, and (c) Front view of the CoSb3(100) slab. The Co and Sb atoms are represented with 
dark-blue and brown spheres, respectively. 
 
Figure 3. (a) The TiCoSb(110) slab structure with 2 unit layers in a = 8.18 Å, (b) Bottom view of the 
TiCoSb(110) slab, (c) Front view of the TiCoSb(110) slab. The Co, Sb, and Ti atoms are represented with 
dark-blue, brown, and light-blue spheres, respectively. 
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Figure 4. (a) The TiCoSb(111) slab structure with 2 unit layers in a = 6.76 Å, (b) Bottom view of the 
TiCoSb(111) slab, and (c) Front view of the TiCoSb(111) slab. The Co, Sb, and Ti atoms are represented 
with dark-blue, brown, and light-blue spheres, respectively. 
3.3 Low energy interfacial structures of CoSb3/TiCoSb 
       As CoSb3(100), TiCoSb(111) and TiCoSb(110) are favorable slabs, CoSb3(100)/TiCoSb(111) 
and CoSb3(100)/TiCoSb(110) interfacial structures are considered in this study. For the 
CoSb3(100) slab shown in Figure 2, due to different Sb atomic structures on the upper  and lower 
slab, we consider two types of structures for each CoSb3/TiCoSb interface: upper_CoSb3/TiCoSb 
and lower_CoSb3/TiCoSb. In total, we can build four interfacial structures, namely 
upper_CoSb3(100)/TiCoSb(111), lower_CoSb3(100)/TiCoSb(111), 
upper_CoSb3(100)/TiCoSb(110), and lower_CoSb3(100)/TiCoSb(110). The detailed explanation 
of these four interfacial structures is illustrated in the supporting information (Figures S1-S4). 
The CoSb3(100)/TiCoSb(111) interface consists of a (1×3)-CoSb3(100) cell  (a = 9.048 Å, b = 
27.144 Å) and a (1×2)-TiCoSb(111) cell (a = 8.280 Å, b = 28.680 Å) with 276 atoms in the 
system. We keep the lateral lattice parameter of the interface fixed for the CoSb3(100) cell, which 
leads to a mismatch with the TiCoSb(111) cell of  8.5% along the a direction and 5.7% along the 
b direction. Here, we remove equivalent Ti, Co, and Sb atoms in the TiCoSb(111) cell to 
eliminate unfavorable neighboring atomic interactions with bonding distances less than 1.5 Å 
around the interface boundary. The CoSb3(100)/TiCoSb(110) interface consists of a (1×2)-
CoSb3(100) cell (a = 9.048 Å, b = 18.096 Å) and a (1×3)- TiCoSb(110) cell (a = 8.28 Å, b = 
17.565 Å) with 200 atoms in the system. Again we keep the lateral lattice parameter of the 
interface fixed for the CoSb3(100) cell, resulting in a mismatch with the TiCoSb(110) cell of  8.5% 
along the a direction and 2.9% along the b direction. Among all structures, a vacuum region of 10 
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Å surrounds the unit cell edge along the c direction. It should be noted that no experimental study 
is available in literature that may guide us to understand how the CoSb3 and TiCoSb slabs cohere 
together. Therefore, we theoretically consider several possible coherent structures for each 
interface and choose the lowest energy structure as the favorable one. Obviously, the favorable 
interface is much easier to form compared with the other interfaces with higher formation 
energies. The details of modeling these interfaces are illustrated in the supporting information 
(Figures S5-S8). Table 2 lists the calculated interfacial formation energies for various possible 
interfacial structures of CoSb3/TiCoSb shown in Figures S5-S8, and Figures 5-8 show the 
favorable structures of each kind of CoSb3/TiCoSb interface. There are many more bonds in the 
CoSb3(100)/TiCoSb(111) interfacial regions compared with the CoSb3(100)/TiCoSb(110) 
interfacial regions (Figures 5-8), indicating the CoSb3(100)/TiCoSb(111) interfaces are more 
favorable. This can be also be verified by noting the lower formation energies of the 
CoSb3(100)/TiCoSb(111) interfaces compared with those of the  CoSb3(100)/TiCoSb(110) 
interfaces (see Table 2). However, the formation energies of the CoSb3(100)/TiCoSb(110) 
interfaces are only 0.03 and 0.04 J/m2 for upper one and lower one, respectively, suggesting that 
they can be favorable as well. Thus, all the structures shown in Figures 5-8 will be considered to 
illustrate the failure mechanism of the CoSb3/TiCoSb interface.  
Table 2. Interfacial formation energies (Ef in J/m
2) calculated for all possible CoSb3/TiCoSb interfacial 
structures. The lowest formation energies are indicated in bold type, and the corresponding interface 
structure is shown in Figures 5-8. 
Configurations Possible structures and formation energies (Ef) 
1 2 3 4 5 6 7 8 9 10 
upper_CoSb3(100)/TiCoSb(111) -0.20 -0.22 -0.24 -0.29 -0.21 -0.35 -0.36 -0.29   
lower_CoSb3(100)/TiCoSb(111) -0.41 -0.41 -0.41 -0.54 -0.46 -0.46 -0.46 -0.42 -0.46 -0.45 
upper_CoSb3(100)/TiCoSb(110) 0.14 0.13 0.11 0.07 0.06 0.03 0.04    
lower_CoSb3(100)/TiCoSb(110) 0.15 0.07 0.07 0.11 0.04 0.09 0.07 0.05 0.09 0.11 
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Figure 5. The interfacial structure which has the lowest interfacial formation energy in all possible 
upper_CoSb3(100)/TiCoSb(111) structures, (a) After relaxation, (b) before relaxation. The main bond 
lengths before/after atomic rearrangement are shown in the zoomed interfacial region. The unit of the bond 
length is Å. The Co, Sb, and Ti atoms are represented with dark-blue, brown, and light-blue spheres, 
respectively. 
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Figure 6. The interfacial structure which has the lowest interfacial formation energy in all possible 
lower_CoSb3(100)/TiCoSb(111) structures, (a) After relaxation, (b) before relaxation. The main bond 
lengths before/after atomic rearrangement are shown in the zoomed interfacial region. The unit of the bond 
length is Å. The Co, Sb, and Ti atoms are represented with dark-blue, brown, and light-blue spheres, 
respectively. 
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Figure 7. The interfacial structure which has the lowest interfacial formation energy in all possible 
upper_CoSb3(100)/TiCoSb(110) structures, (a) After relaxation, (b) before relaxation. The main bond 
lengths before/after atomic rearrangement are shown in the zoomed interfacial region. The unit of the bond 
length is Å. The Co, Sb, and Ti atoms are represented with dark-blue, brown, and light-blue spheres, 
respectively. 
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Figure 8. The interfacial structure which has the lowest interfacial formation energy in all possible 
lower_CoSb3(100)/TiCoSb(110) structures, (a) After relaxation, (b) before relaxation. The main bond 
lengths before/after atomic rearrangement are shown in the zoomed interfacial region. The unit of the bond 
length is Å. The Co, Sb, and Ti atoms are represented with dark-blue, brown, and light-blue spheres, 
respectively. 
3.4 Tension induced failure mechanism of the CoSb3/TiCoSb interface 
3.4.1 Ideal tensile strength of the CoSb3/TiCoSb interface 
        The calculated tensile stress-strain relationships are investigated to understand the ideal 
tensile strength of the CoSb3/TiCoSb interface, as shown in Figure 9. Here, we also calculated the 
corresponding bulk stress-strain responses as embedded in Figure 9. The ideal tensile strength of 
the CoSb3(100)/TiCoSb(111) interface is calculated to be 7.92 GPa and 8.05 GPa for the upper 
and lower one, respectively, which is higher than that of the CoSb3(100)/TiCoSb(110) interface 
(4.80 GPa for the upper one and 6.54 GPa for the lower one). The formation energy of the 
CoSb3(100)/TiCoSb(111) interface is lower than that of the CoSb3(100)/TiCoSb(110) interface 
(as listed in Table 2), which leads to a more favorable coherent structure in the 
CoSb3(100)/TiCoSb(111) interface. This results in a much stronger resistance to the external 
tensile deformation and a much higher ideal strength of the CoSb3(100)/TiCoSb(111) interface as 
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observed in Figure 5 and 6. Moreover, the fewer number of bonds in the 
upper_CoSb3(100)/TiCoSb(110) interfacial region (Figure 7) leads to the weakest resistance 
against tension and the lowest ideal tensile strength of 4.80 GPa. The ideal tensile strength and 
fracture strain of various CoSb3/TiCoSb interfaces are much lower than those of the bulk CoSb3 
and TiCoSb systems, indicating that the CoSb3/TiCoSb interface fails more easily compared to 
the corresponding bulk systems.  
 
Figure 9. Calculated tensile stress as a function of tensile strain for various CoSb3/TiCoSb interfaces: (a) 
CoSb3(100)/TiCoSb(111) interfaces and the corresponding bulk systems, (b) CoSb3(100)/TiCoSb(110) 
interfaces and the corresponding bulk systems. 
3.4.2 Structure and bonding analysis of the CoSb3/TiCoSb interface 
        The atomic configurations and the typical bond lengths under tensile deformations are 
extracted to understand the tension induced failure mechanism of the CoSb3/TiCoSb interface, as 
shown in Figures 10-13. Figure 10 displays the structural deformations of the 
upper_CoSb3(100)/TiCoSb(111) interface before and at the failure strain. The failure of the 
CoSb3/TiCoSb interface occurs in CoSb3, which agrees well with experimental observations.
16 
The structure of TiCoSb is uniformly stretched to resist deformation until structural failure, 
suggesting a much stronger rigidity of TiCoSb compared to that of CoSb3. This agrees with our 
prediction that the ideal tensile strength of TiCoSb is much higher than that of CoSb3 as shown in 
Figure 9. At a tensile strain of 0.138, which corresponds to the ideal tensile strength, the Sb−Sb 
bond in CoSb3 such as Sb1−Sb2, Sb3−Sb4 and Sb5−Sb6 softens, as highlighted in Figure 10(a), 
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but the Co−Sb framework still holds together. This can be attributed to the weaker rigidity of 
covalent Sb−Sb bond compared with that of the ionic Co−Sb bond in CoSb3.
19 When tensile strain 
reaches 0.149, the Co−Sb framework no longer resists external deformation and begins to fail. 
The Co−Sb bond around the interfacial region breaks, releasing the tensile stress, and leads to 
failure of the interface. The failure mechanism of the CoSb3/TiCoSb interface is similar to that of 
bulk CoSb3.
19 The typical bond lengths of Sb1−Sb2, Sb3−Sb4, Sb5−Sb6, Co1−Sb7, Co2−Sb8, 
and Co3−Sb9 at various tensile strains are plotted in Figure 10(c). As the tensile strain increases 
to 0.105, Sb1−Sb2, Sb3−Sb4, and Sb5−Sb6 bonds are slightly stretched with the bond lengths 
changing from ~2.96 to ~3.06 Å. At a tensile strain of 0.116, these bond lengths increase to 3.10, 
3.14, and 3.13 Å respectively, indicating a weaker or nonbonding Sb−Sb interaction as discussed 
previously.36 This explains the decreasing tensile stress at this strain shown in Figure 9(a). 
However, the weaker or nonbonding Sb−Sb interaction only slightly releases the internal stress 
because the Co−Sb bond length decreases slightly, suggesting the Co−Sb framework can continue 
to resist the tensile deformation. With further increasing strain to 0.138, the Co3−Sb9 bond is 
stretched from 2.51 to 2.90 Å, with a stretching ratio of 15.54% before the failure, indicating a 
highly softened bond. Co1−Sb7 and Co2−Sb8 bond lengths increase from 2.42 and 2.46 Å to 2.62 
and 2.58 Å with a stretching ratio of 8.26% and 4.88%, respectively. At the fracture strain of 
0.149, the Co1−Sb7, Co2−Sb8, and Co3−Sb9 interatomic distances sharply increase to 4.51, 3.68, 
and 4.96 Å, respectively, representing the breakage of these Co−Sb bonds. On the atomic scale, 
the structural rigidity relies on the bond stiffness.37 The breakage of Co−Sb bonds leads to the 
remarkably decreased structural rigidity of the CoSb3/TiCoSb interface, resulting in the stress 
relaxation as shown in Figure 9(a). This suggests that the CoSb3/TiCoSb interface can no longer 
resist the external deformation, representing the structural collapse and failure of the 
CoSb3/TiCoSb interface. 
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Figure 10. The atomic structures of the upper_CoSb3(100)/TiCoSb(111) interface during the tensile 
process: (a) structure at 0.138 strain before failure strain, (b) structure at the failure strain of 0.149. The red 
ellipse represents the weakened or non-bonding interactions of the Sb−Sb bond. (c) The average bond 
lengths (Sb1−Sb2, Sb3−Sb4, Sb5−Sb6, Co1−Sb7, Co2−Sb8, and Co3−Sb9 bonds) with the increasing 
tensile strain during the tensile process. The gray dashed line represents the strain just before failure. 
        Figure 11 displays the structural deformations of the lower_CoSb3(100)/TiCoSb(111) 
interface before and after the failure strain, respectively. Before failure, at a tensile strain of 0.094, 
the Sb−Sb bonds in CoSb3 soften as highlighted in Figure 11(a). The structure reaches to the 
maximum resistance limitation because tension at this strain shows the ideal tensile strength. At 
the fracture strain of 0.105, the Co−Sb bonds in CoSb3 such as Co1−Sb1, Co2−Sb2, and Co3−Sb3 
breaks, indicating the collapse of the Co−Sb framework, resulting in the structure failure as 
shown in Figure 11(b). The typical bond lengths of Co1−Sb1, Co2−Sb2, Co3−Sb3, Co4−Sb4, 
Sb5−Sb6, and Sb7−Sb8 against tensile strains are plotted in Figure 11(c). Before the failure, the 
Co1−Sb1, Co2−Sb2, and Co3−Sb3 interatomic distances rapidly increase from 2.58 Å to 3.04, 
3.08 and 2.97 Å, with a stretching ratio of 17.83%, 19.38%, and 15.12%, respectively, suggesting 
a less stable Co−Sb framework at the CoSb3 boundary. The Sb5−Sb6 bond is stretched from 2.97 
to 3.18 Å, representing the softening of Sb4-rings near the interface. However, the stiffness of 
other Co−Sb frameworks and Sb4-rings don’t weaken too much because the Co4−Sb4 and 
Sb7−Sb8 bonds are only slightly stretched from 2.54 and 2.88 Å to 2.64 and 2.98 Å, respectively. 
At the fracture strain of 0.105, the sharply increased bond lengths of Co1−Sb1, Co2−Sb2, and 
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Co3−Sb3 represent structural failure, and the remarkably reduced bond lengths of Co4−Sb4, 
Sb5−Sb6, and Sb7−Sb8 suggest the structural recovery as well.  
 
Figure 11. The atomic structures of the lower_CoSb3(100)/TiCoSb(111) interface during the tensile 
process: (a) structure at 0.094 strain before failure strain, (b) structure at the failure strain of 0.105. The red 
ellipse represents the weakened or non-bonding interactions of the Sb−Sb bond. (c) The average bond 
lengths (Co1−Sb1, Co2−Sb2, Co3−Sb3, Co4−Sb4, Sb5−Sb6, and Sb7−Sb8 bonds) with the increasing 
tensile strain during the tensile process. The gray dashed line represents the strain just before failure. 
        Figure 12 displays the atomic structures of the upper_CoSb3(100)/TiCoSb(110) interface at 
different applied strains. At a tensile strain of 0.072, corresponding to the ideal strength, the 
Co4−Sb4 bond in CoSb3 breaks first, but the other Co−Sb bonds at the interfacial region such as 
Co1−Sb1, Co2−Sb2, and Co3−Sb3 can continue to resist the tensile deformation. With increasing 
tensile strain, these Co−Sb bonds soften quickly, and at a tensile strain of 0.094, the Co1−Sb1 and 
Co2−Sb2 bonds break. Finally, at a fracture stain of 0.105, structural failure is observed due to 
the breakage of the Co3−Sb3 and Sb−Sb bonds as shown in Figure 12(c). The typical lengths of 
these four Co−Sb bonds at various tensile strains are plotted in Figure 12(d). As the tensile strain 
increases to 0.041, all the Co−Sb bond lengths linearly increase, suggesting that the structure 
uniformly resist deformation, leading to the linearly increased tensile stress shown in Figure 9(b). 
At a strain of 0.051, the Co4−Sb4 bond length sharply increases from 2.83 to 3.09 Å, representing 
a highly softened bond and resulting in weakened structural stiffness, which explains the slightly 
increased tensile stress at this strain witnessed in Figure 9(b). The Co4−Sb4 bond breaks (3.44 Å) 
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at a strain of 0.062. At a strain of 0.083, the broken Co2−Sb2 bond (3.59 Å) and highly softened 
Co1−Sb1 bond (3.11 Å) lead to a decreased tensile stress at this strain, shown in Figure 9(b). 
Then, the tensile stress further decreases due to the breakage of Co1−Sb1 bond (3.70 Å) and 
softened Co3−Sb3 bond (3.12 Å) at a strain of 0.094. Finally, the breakage of Co3−Sb3 bond 
(4.30 Å) releases the internal stress from 3.85 to 1.20 GPa, totally collapsing the Co−Sb 
framework, which represents the failure of CoSb3/TiCoSb interface. 
 
Figure 12. The atomic structures of the upper_CoSb3(100)/TiCoSb(110) interface during the tensile 
process: (a) structure at 0.072 strain corresponding to the ideal strength, (b) structure at 0.094 strain before 
failure strain, (c) structure at the failure strain of 0.105. The red ellipse represents the weakened or non-
bonding interactions of the Sb−Sb bond. (d) The average bond lengths (Co1−Sb1, Co2−Sb2, Co3−Sb3, and 
Sb2−Sb4 bonds) with the increasing tensile strain during the tensile process. The gray dashed line 
represents the strain just before failure. 
        Figure 13 displays the atomic structures of the lower_CoSb3(100)/TiCoSb(110) interface and 
typical bond lengths at different strains. At a tensile strain of 0.061, the Co1−Sb1 and the 
Sb4−Sb5 interatomic distances in CoSb3 sharply increase to 3.93 and 3.36 Å, suggesting the bond 
breaks leading to the decreased tensile stress shown in Figure 9(b). The Ti1−Sb8 bond (3.29 Å) 
breaks at a tensile strain of 0.083, but doesn’t deconstruct the structure because the Co2−Sb2 and 
Co3−Sb3 bonds in the Co−Sb framework continue to resist the external deformation until a 
tensile strain of 0.127, shown in Figure 13(d). At a strain of 0.127 before failure, the Sb6−Sb7 
bond (3.25 Å) highly softens. When the strain further increases to 0.138, the breakage of 
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Co2−Sb2 and Co3−Sb3 bonds collapses the Co−Sb framework, leading to the failure of the 
CoSb3/TiCoSb interface. 
 
Figure 13. The atomic structures of the lower_CoSb3(100)/TiCoSb(110) interface during the tensile 
process: (a) structure at 0.061 strain, (b) structure at 0.127 strain before failure strain, (c) structure at the 
failure strain of 0.138. The red ellipse represents the weakened or non-bonding interactions of the Sb−Sb 
bond. (d) Average bond lengths (Co1−Sb1, Co2−Sb2, Co3−Sb3, Sb4−Sb5, Sb6−Sb7, and Ti1−Sb8 bonds) 
with increasing tensile strain during the tensile process. The gray dashed line represents the strain just 
before failure. 
        Figures 10-13 clearly show that the collapse of the Co−Sb framework leads to the failure of 
the CoSb3/TiCoSb interface. To enhance the ideal strength of CoSb3/TiCoSb interface, we 
suggest improving the rigidity of the Co−Sb framework. The substitution of Sb by As could be an 
example of an effective way to enhance the rigidity of the Co−Sb framework because the force 
constant of the Co−As bond (95 N/m) is higher than that of the Co−Sb bond (85 N/m).38 
Meanwhile, the substitution of Sb by As could also decrease the CTE of CoSb3,
39 reducing the 
CTE mismatch between CoSb3 (~10.47×10
-6 K-1) and TiCoSb (8.49×10-6 K-1) at higher 
temperatures,18,39 hence decreasing the thermo-mechanical stresses in the CoSb3/TiCoSb interface. 
Moreover, the substitution of Co by Fe could also enhance the rigidity of the Co−Sb framework 
because of a much higher force constant of the Fe−Sb bond (90.8 N/m) compared with that of the 
Co−Sb bond (85 N/m).40 
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4. CONCLUSIONS 
        We performed first-principles calculations based on density functional theory to illustrate the 
brittle mechanisms of the CoSb3/TiCoSb interface. First-principles predicts that both 
CoSb3(100)/TiCoSb(111) and CoSb3(100)/TiCoSb(110) are favorable interfacial structures. The 
failure of the CoSb3/TiCoSb interface occurs in CoSb3, which agrees well with the reported 
experimental results. Because the rigidity of the covalent Sb−Sb bond is weaker than that of ionic 
Co−Sb bond, the Sb−Sb bond softens before the Co−Sb bond. The breakage of the Co−Sb bond 
in CoSb3 leads to the failure of the CoSb3/TiCoSb interface, which is similar to that of bulk 
CoSb3. However, the ideal tensile strength of the CoSb3/TiCoSb interface is much lower than that 
of bulk CoSb3, which can be attributed to the weakened stiffness of the Co−Sb framework due to 
structural rearrangement near the interfacial region. To enhance the ideal strength of the 
CoSb3/TiCoSb interface, we suggest improving the rigidity of the Co−Sb framework by use of 
proper substituting elements i.e. the substitution of Sb by As or the substitution of Co by Fe. 
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